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Current codes of practice for PV systems lack detailed guidance regarding circuitmismatch, over or reverse current protection and unbal-
anced operational conditions in large PV systems. Experimental work in this ﬁeld is expensive and limited by hardware and environmental
resources. The available commercial simulation tools do not rigorously model the complex behaviour of PV systems operating under non-
uniform conditions. In this paper a detailed cell-by-cell model of large scale PV systems is developed. The parameter set used for simulations
is based on real PVmodules power tolerance data and the variance in its principal parameters, thus representing a realistic power frequency
distribution. The model is used to estimate and analyse losses due to circuit mismatch, analyse the causes of reverse current in the system’s
strings and its consequences in the system performance and to estimate energy losses due to string’s fuses failures.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Pressures on PV system developers to deliver improved
the economic returns is motivating research in systems
optimization to minimize losses, and deliver improvements
in systems reliability to minimize components failures.
One of the inherent losses of PV systems is the mismatch
due to electrical interconnection. The manufacturing toler-
ances for PV modules result in a variation in their physical
parameters. When a PV system is formed from modules
with variation in their parameters, losses appear due to cir-
cuit mismatch in the electrical connections. This is because
each PV module has a diﬀerent maximum power point, so
each module has to operate at non-ideal current and volt-
age to conform to Kirchhoﬀ’s Law. When connected
together in series, all modules will operate at the samehttp://dx.doi.org/10.1016/j.solener.2015.03.041
0038-092X/ 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.
⇑ Corresponding author. Tel.: +56 224604269.
E-mail address: j.p.vargas-abalos-12@alumni.lboro.ac.uk (J.P.Vargas).current. In parallel connections, all strings (of modules)
will operate at the same voltage. Therefore each module
operates away from its maximum power point and the sys-
tem power is not the sum of the power of the modules.
The operation at the same operating voltage may cause
reverse currents that are another source of losses. This may
be an issue particularly in large PV systems with large num-
ber of strings. The system voltage may be higher than a
particular string voltage, thus causing a reverse current in
this string. The reason for the imbalance voltage can be
unbalanced operating conditions (shadowed panels) or fail-
ures (short-circuits) in a string. It is not clear what is the
magnitude of this reverse current and if fuses are appropri-
ate to prevent energy loss and damage to components.
Estimating the losses and consequences of unbalanced
operational conditions with experimental work is expensive
and limited by hardware resources and environmental vari-
ables. Computer simulation oﬀers control over all the vari-
ables in a PV system, therefore more deﬁned results can beorg/licenses/by/4.0/).
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not rigorously model the complex behaviour of PV systems
operating under non-uniform conditions, therefore a
detailed model of large PV systems need to be developed.
The aim of this paper is to estimate and analyse losses in
PV systems due to variations in the parameters of the mod-
ules and to analyse the magnitude of reverse currents in the
strings as well as the consequences on system performance.
The objectives of the paper are to:
 Develop a detailed model of large scale PV systems.
 Generate diﬀerent distributions of PV module parame-
ters, according to available statistic data.
 Estimate and analyse losses due to circuit mismatch.
 Analyse the causes and consequences of reverse current
in the system’s strings.
 Estimate losses due to string fuse failures using its mean
time to failure (MTTF).2. Methodology
2.1. System model
The single diode model based simulation introduced by
Bishop (1988) develops at a cell level (cell by cell) metho-
dology. This method is adapted here by using a Newton
Raphson solver as suggested e.g. by Quaschning et al.
(Quaschning and Hanitsch, 1996). It was decided to not
incorporate the two diode model as this would just add
complexity without any gain in accuracy.
f ðV ; IÞ ¼ ISC  I0  exp qðV þ I  RSÞm  k  T
 
 1
 
 V þ I  RS
RSH
 I  0 ð1Þ
Each PV module is composed of a series of substrings,
as described in Johansson et al. (2004), Mohapatra (2011)
and Goss et al. (2014). A substring is a series of cells in par-
allel with a bypass diode; therefore the current passing
through a substring is the sum of the current passing
through the series of cells and the current passing through
the bypass diode. The bypass diode only can conduct cur-
rent if the voltage of the series of cells is lower than the
critical voltage of the bypass diode obtained from Eq.
(2). The voltage of the bypass diode must be equal to the
voltage of the series of cells (sum of the voltages of each cell
for a speciﬁc current). When the diode is conducting cur-
rent, the voltage in the diode (and the voltage in the series
of cells) can be obtained from Eq. (3).
V Crit ¼ mD  k  Tq  ln
mD  k  T
q  ﬃﬃﬃ2p  I0D
 !
ð2Þ
f ðV ; IÞ ¼ I0D  exp
qðV þ I  RSDÞ
mD  k  T
 
 1
 
 0 ð3ÞEach string is composed by a series of PV modules (that
are a series of substrings). Parallel connections were added
to the Mohapatra model (Mohapatra, 2011), forming a PV
array composed by strings connected in parallel. To solve
the I–V curve of the array, ﬁrst the I–V curve of each string
is solved summing the voltage of each substring for a speci-
ﬁc string current. The I–V curve of the array is then solved
summing the strings currents for a speciﬁc array voltage.2.2. PV modules parameters distributions
In order to evaluate the circuit mismatch of the system,
parameter variation was introduced into the cell model
parameters to simulate realistic module power tolerances.
These were matched on ﬂash test data available to the
authors from diﬀerent projects. The cell parameters varied
were the series resistance RS , the shunt resistance RSH , the
short circuit current ISC and the dark-current I0, as
described by Herrmann (2005). The cell parameters were
generated using two types of distribution, normal dis-
tribution and realistic distribution obtained from manufac-
turer’s ﬂash tests data. Two commercial modules were
considered, a standard silicon module and a high eﬃciency
silicon module. Data of 210 ﬂash tests of each type was
used for the realistic distributions.
For the normal distributions, the parameters were gen-
erated using Eq. (4), where x is the parameter, r is the stan-
dard deviation, r is a Gaussian random number and x is the
mean value of the parameter. The mean value and the stan-
dard deviation were obtained from the datasheets of the
modules.
x ¼ r  r þ x ð4Þ
For the realistic distribution, a regression method was
used to ﬁt the distribution the best possible with the real
distribution obtained from the data of the ﬂash tests of
the modules and considering the sorting in power cate-
gories done by the manufacturers.2.3. Power and energy simulations
Instead of the mismatch degradation factor used by
MacAlpine et al. (2012), simulations were performed to
evaluate the mismatch losses, considering diﬀerent systems
sizes (kWp). Power simulations were considered to evaluate
the static losses, using Herrmann (2005), and also dynamic
energy simulations were performed taking into account the
action of a central inverter to set the optimum operational
point of the system (maximum power point MPP), in con-
trast with Gomez et al. (2014) that used a simpliﬁed
method.
The cell model has static and dynamic parameters.
Static parameters are RS ;RSH and m, which remain constant
under all physical conditions. Dynamic parameters are
ISC;Eg; I0 and V OC, which present a dependence on tem-
perature T and irradiance G as shown in Eqs. (5)–(8).
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G
GSTC
ð5Þ
EgðT Þ ¼ Egð0Þ  a  T
2
T þ b ð6Þ
I0ðT Þ ¼ I0STC 
T
T STC
 3
 exp q  Eg
m  k 
1
T STC
 1
T
  
ð7Þ
V OCðT ;GÞ ¼ m  k  Tq  ln
ISC
I0
þ 1
 
ð8Þ
For power simulations, STC conditions were consid-
ered. For energy simulations, annuals simulations were
considered with a time resolution of one hour, namely,
the temperature and the irradiance were updated for each
hour of the year. The meteorological data of Sutton
Bonington1 obtained from the Met Oﬃce Integrated
Data Archive System2 have been used for the energy
simulations.2.4. Strings reverse current analysis
In order to analyse the reverse current that may be pre-
sent in the strings, the system model was submitted to
unbalanced operational conditions that can cause reverse
or fault current, as described by Laschinsky et al. (2010)
and Goss et al. (2011), considering two scenarios, shading
and short-circuits.
For each condition (shading and short-circuit), two PV
systems were considered, one using standard silicon mod-
ules and the other using high eﬃciency silicon modules.
For each PV system, the system size (installed capacity)
was changed, increasing the system current (adding more
strings) and/or increasing the system voltage (adding more
modules per string), with the aim of identifying the eﬀect in
the reverse current of the shaded and short-circuited string
when the system size changes.2.5. Fuses failures and their impact on system performance
In Section 2.4 the eﬀect of reverse current in the strings
was analysed including possible fuse failure. The option of
fuse failures due to other failures in the system was also
included, considering a mean time to failure MTTF. The
MTTF was generated using a Weibull distribution
described in Eq. (9), where a is the location parameter, k
is the scale parameter, x is a uniformly distributed random
number and k is the shape parameter.
MTTF ¼ aþ k   ln xð Þð Þ1k ð9Þ1 Sutton Bonington is a village and civil parish lying along the valley of
the River Soar in the Borough of Rushcliﬀe, south west Nottinghamshire,
England.
2 Land surface and marine surface observations data from the Met
Oﬃce station network and other worldwide stations are stored in the Met
Oﬃce MIDAS database.For DC fuses, a failure rate of 1–2 failures per system
lifetime increasing with time (a ¼ 0; k ¼ 1:75  105 and
k ¼ 1:5) was used, as described in Perdue and Gottschalg
(2015).
An annual simulation of a 1 MWp system was per-
formed, registering the generation of each string for each
hour of the year to identify the failure of a string fuse
and therefore the loss of generation. Then simulations were
performed for 25 consecutive years, using the same
meteorological data and using the string generation data
of the 1 MWp system. In each simulation new fuses were
included with their respective MTTF. Diﬀerent inspection
periods were performed, where the failed fuses were
replaced, generating new fuses with a new MTTF.3. Results and discussion
3.1. PV modules parameters distributions
Fig. 1 shows the parameter distribution of real and
simulated standard silicon modules. The blue line shows
the parameters distribution of 210 ﬂash tests of real mod-
ules, the red line shows a simulated realistic distribution
adjusted from the ﬂash tests data and the black line shows
a simulated normal distribution with mean value and stan-
dard deviation obtained from the datasheets of the mod-
ules. For the simulation of the distributions, 200 modules
were simulated for each type of distribution. In the ﬁgure,
Isc corresponds to the short circuit current, V oc is the open
circuit voltage; Imp; V mp and Pmp are the current, voltage
and power at the maximum power point of the module.
The distribution of the parameters of the real modules
(blue line) does not present a normal distribution shape,
due to cell sorting into power categories by the manufac-
turer, resulting in the sharp edge in the high and low power
limit of the distribution as shown in Fig. 1. The sorting by
power is not a homogeneous process but usually varies in
each production order or project contract. Other character-
istics of the distribution are that the peak power probabil-
ity (highest number of modules with the same power bin) of
the real modules is not at the central point of the dis-
tribution, it is close to the high limit, allowing to keep
the power average of the distribution when more lower
power modules are added.
A similar result was obtained for the high eﬃciency
modules, but with a very marked highest power probabil-
ity, demonstrating a strict power selection method (See
Fig. A.9 of Appendix A).
Once the distributions were adjusted, 200 simulations of
each module type (standard silicon and high eﬃciency)
were performed, using the normal and the real distribution,
with the aim of verifying that the parameter variance was
in accordance with the datasheet of the modules. Table 1
shows the results of the module simulations. Figs. A.10
and A.11 in Appendix A show the random generation of
the standard silicon and high eﬃciency module parameters.
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306 J.P. Vargas et al. / Solar Energy 116 (2015) 303–313These are for both distributions (normal and real), and also
show the eﬀect of the sorting of power present in the real
distribution, resulting in the peak values being closer to
the average value than in the normal distribution.3.2. Power simulations
With the adjusted distributions, 100 PV systems were
simulated considering an installed capacity (kW at STC)
of 10, 50, 100, 250, 500, 750 and 1000 kWp, using the stan-
dard silicon modules. A maximum system voltage of 1000
[VDC] was used in compliance with the voltage limit for
IEC-60364 (2005). Each string was formed with 24 modules
obtaining a power of 5 kWp per string and an approximate
system Voc of 869 [VDC]. Table B.2 in Appendix B, shows
the results of the power simulations. Fig. 2 shows the
power losses due to the circuit mismatch in a boxplot3.
Power losses due to circuit mismatch tend to stabilise for
systems over 250 kWp, with losses of 0.73% for the normal
distribution and with losses of 1.33% for the real dis-
tribution. The key ﬁnding here is that realistic distributions
cause higher power losses than Gaussian distributions, with
the order of magnitude of 50% of the bin-width.3.3. Energy simulations
Annual simulations were conducted with a time res-
olution of one hour. The target was to perform 100 sim-
ulations for each PV system (10, 50, 100, 250, 500, 750
and 1,000 kWp) and for each distribution (Normal and
Real). In each simulation a new system was created using
the respective distribution to generate the parameters of
the modules. Table B.3 in Appendix B, shows the results3 Boxplot is a convenient way of graphically depicting groups of
numerical data through their quartiles with the box and their extreme
values with the tip lines.of the energy simulations. Fig. 3 shows the energy losses
due to the circuit mismatch.
As can be seen in Fig. 2 and in Fig. 3, the standard
deviation of the losses decreases as the size of the system
increases. This is because larger systems have more mod-
ules, therefore there is a higher probability that modules
with below average power compensate for modules with
above average power, thereby decreasing the standard
deviation of the whole system.
Energy losses due to circuit mismatch tend to stabilise
for systems over 250 kWp, with losses of 1.18% for the nor-
mal distribution and losses of 1.73% for the real dis-
tribution. This behaviour is similar to the power, but the
impact is higher, with the energy loss being closer to 2/3
of the bin-width.3.4. Strings reverse current analysis
To analyse the reverse current in strings of PV systems
under unbalanced conditions, two scenarios were consid-
ered: shading and short-circuits, both under STC condi-
tions. Fig. 4 shows a system of 2 strings with 1 string of
shaded modules in Fig. 4(a) and with 1 string with modules
short-circuited in Fig. 4(b). The blue line is the I–V curve of
the whole system and the dashed black lines are the I–V
curves of each string (the shaded/short-circuited and the
normal). The magenta line is the power of the system and
the red line is the reverse current in the shaded or short-cir-
cuited string. The asterisk is the reverse current at the volt-
age of the maximum power point of the system (MPP) and
the triangle is the reverse current at the open circuit voltage
(Voc) of the system. For simplicity, in the following graphs
only the curve corresponding to the reverse current will be
showed. When the system conditions change suddenly, like
in a short-circuit, the inverter takes time to ﬁnd the new
maximum power point of the system, therefore there is a
transient fault current, that is the current between the
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J.P. Vargas et al. / Solar Energy 116 (2015) 303–313 307diamond and the asterisk in Fig. 4(b) and its duration time
depends of the response of the MPP tracking algorithm
during the fault.
For the reverse current analysis, for both scenarios
(shading and short circuits) were tested on two systems,
one system using standard silicon modules and another sys-
tem using high eﬃciency modules. For the standard silicon
system, a power of 50 kWp was considered, with a system
composed by 10 strings of 24 modules per string and an
approximate system Voc of 864 [VDC]. For the high eﬃ-
ciency system, a power of 40 kWp was considered, with a
system composed by 10 strings of 18 modules per string
and an approximate system Voc of 873 [VDC]. Fig. 5(a)
shows the reverse current present in one string when diﬀer-
ent numbers of modules in the string are shaded by 90%.
Fig. 5(b) shows the reverse current present in one string
when diﬀerent numbers of modules of the string are
short-circuited. For both ﬁgures the continuous lines are
for the standard silicon system and the dashed lines are
for the high eﬃciency system.
As can be seen in Fig. 5(a), when the inverter is work-
ing optimally (tracking the maximum power point of the
system), there is no reverse current in the shaded string
at the voltage of the maximum power point of the system.
If the inverter switches oﬀ for any reason, the voltage of
the system will be Voc and the reverse current present
in a completely shaded string (a 90% irradiance reduction
aﬀecting all modules), will not exceed the short circuit cur-
rent of the modules. Grid connected PV inverters tested to
IEC-62109 (2010) must include protection which discon-
nects the inverter from the utility network in the event
of an array earth fault or the AC voltage or frequency
going outside the allowable range. The latter protection
type may occur if there is a fault in the AC network for
example a high resistance joint causing excessive voltage
rise.
As shown in Fig. 5(b), when the inverter is operating, it
is necessary for 10 of 24 modules to be short-circuited to
cause a reverse current fault of more than twice the Isc
for the standard silicon system and 6 of 18 modules for
the high eﬃciency system. This reverse fault current (} in
the ﬁgure) will start to decrease after the fault as the inver-
ter is tracking the new MPP of the system ( for standard
silicon system and x for high eﬃciency system). When the
inverter is oﬀ (the voltage of the system is Voc), it is neces-
sary to short-circuit 6 of 24 modules to have a reverse cur-
rent around twice the Isc for the standard silicon system
and 3 of 18 modules for the high eﬃciency.
A reverse current of three times the short circuit current
would limit the temperature increase due to the reverse cur-
rent within tolerable limits, keeping cell operating tempera-
tures below 100 C (Calais et al., 2008). With a cell
operating temperature of 100 C, some parts of the encap-
sulation of the module will be damaged, therefore for this
paper a reverse current over two times Isc will be consid-
ered dangerous. The IEC Standard for PV Fuses (IEC-
60269, 2010) speciﬁes a non fusing current Inf ¼ 1:13  In
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308 J.P. Vargas et al. / Solar Energy 116 (2015) 303–313and a fusing current If ¼ 1:45  In, it also speciﬁes a con-
ventional time for PV fuse-links that for In 6 63 amperes
is equal to 1 h. For a short-circuit case, it is necessary that
the inverter takes longer than one hour to ﬁnd the new
MPP to damage the fuse and thus is not very likely.With large system powers, the inﬂuence of a shaded or
short-circuited string over MPP and Voc of the system
may be diﬀerent, so the simulations were repeated with
diﬀerent system sizes, using modules without parameter
variations (all the modules were set with datasheet
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Fig. 5. Reverse current in a shaded and short-circuited string.
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simulations.
Firstly, the size of the system was increased by adding
more strings (and therefore current), keeping the voltage
(modules per strings) constant. For the shaded scenario,
all the modules of the string were fully shaded (a 90% irra-
diance reduction) for both systems (standard silicon and
high eﬃciency). For the short-circuited scenario a short-cir-
cuit suﬃcient to cause a reverse current twice the Isc of the
modules was introduced. For the standard silicon system
10 of 24 modules were short-circuited in 1 string, and for
the high eﬃciency system 6 of 18 modules. Fig. 6 shows
the results of these simulations.
As shown in Fig. 6(a), there is almost no diﬀerence in the
reverse current in the shaded string when the size (power)
of the system was increased. When the size of the system
was increased by 1000%, the reverse current increased by
6.8% in the standard silicon system and by 8.4% in the high
eﬃciency system.
As shown in Fig. 6(b), for the short-circuited case, when
the system size was increased by 400%, the reverse current
at the ﬁnal MPP () was twice the Isc in the standard sili-
con system and almost twice Isc in the high eﬃciency700 750 800 850
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Fig. 6. Reverse current in shaded & short-circsystem. This ﬁnal reverse current is suﬃcient to break the
DC fuse of the string. If the inverter switches oﬀ in this sce-
nario or starts re-tracking the MPP from Voc for any rea-
son, the reverse current could reach 5–6 times the STC Isc.
After increasing the system current, the voltage of the
system was increased adding more modules per string in
a 50 string system. For the shaded scenario all the modules
of the string were fully shaded (90% irradiance loss) for
both systems (standard silicon and high eﬃciency). For
the short-circuited scenario a number of modules were
short-circuited to obtain a reverse current of twice the
module Isc. Fig. 7 shows the results of these simulations.
As can be seen in Fig. 7(a), there is almost no diﬀerence
in the reverse current in the shaded string when the voltage
of the system was increased, this is because to increase the
voltage of the system, more modules per string would have
to be added, increasing also the resistance of the string
(there is a linear relationship between the increase of volt-
age and resistance).
As shown in Fig. 7(b), for a system Voc around 800
[VDC], its necessary for 10 of 24 modules to be short-cir-
cuited (42% of the string) to have a reverse current over
two times Isc in the standard silicon system and 6 of 18550 600 650 700 750 800 850
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310 J.P. Vargas et al. / Solar Energy 116 (2015) 303–313(33% of the string) in the high eﬃciency system. For a sys-
tem Voc around 1600 [VDC], are necessary 19 of 48 short-
circuited modules (40% of the string) in the standard silicon
system and 11 of 36 (31% of the string) in the high eﬃ-
ciency system.
3.5. Fuses failures and their impact on system performance
String fuses have the possibility to fail due to other fail-
ures in the system depending on the mean time to failure
(MTTF) of individual components. To estimate the energy
losses due to these fuse failures, the MTTF feature was
added to the string fuses of the model and then 100 sim-
ulations were performed using a 1 MWp system, con-
sidering a system lifetime of 25 years. In each simulation
new fuses were generated with its respective MTTF.
Diﬀerent inspection periods were performed, where the
failed fuses were replaced, generating new fuses with a
new MTTF. Fig. 8(a) shows the frequency distribution of
the MTTF of the fuses generated in the simulations.
Fig. 8(b) shows the energy losses when diﬀerent inspection
periods were performed.As shown in Fig. 8(b) the energy losses due to fuse fail-
ures without inspections reach 38%. With an annual
inspection the losses are reduced to a 1% and with an
inspection every 6 months the losses are reduced to a 0.6%.
4. Conclusion
PV systems over 3.6 MWp with modules power toler-
ance of 3%, start to present mismatch energy losses over
2%. The loss of energy is more signiﬁcant than the loss of
rated power in the system. The latter is closer to half the
power tolerance. This is just for the system alone and does
not include any other eﬀects such as slight diﬀerences in
orientation that will further enhance this eﬀect. As the
majority of system speciﬁcations is based on positive
power, this means that any gains achievable with this
power will be more than negated by any additional orienta-
tion. It also means, however, that one could enhance the
yield 0.5% by pre-sorting modules for systems smaller than
100kWp, but for larger systems the beneﬁts reduce quickly.
It appears that the use of thermal fuses for overcurrent
protection has been carried over from their traditional use
J.P. Vargas et al. / Solar Energy 116 (2015) 303–313 311in circuits supplied by batteries or electromagnetic genera-
tors to the DC circuits of PV systems without modiﬁcation
for the speciﬁc failure modes in PV systems. Based on the
results presented here, it is not clear that thermal fuses pro-
vide the intended protection.
There is no relevant reverse current due to partial or full
shading of strings in a PV system with fully operational
bypass diodes and inverter(s). In extreme shading scenar-
ios, where a whole string was shaded by 90%, the reverse
current was less than the short circuit current of the
modules.
The use of string fuses does not ensure fault clearance
due to the action of the inverter. Fault reverse currents
are determined by fault types, fault location and the action
of the MPP tracking algorithm of the inverter. There are
some faults that are hidden by the inverter action, because
when the failure occurs, the inverter negates the fault
reverse current by reducing the voltage of the system,
before the fuses disconnection time is reached. If the inver-
ter is disconnected however, the fault reverse current can be
5 times the short circuit current of the modules. Thus, it
one would need two faults in the system to cause a reverse
current fault of a magnitude that would destroy the mod-
ules. In these cases, it is questionable if a one h withstand
time of the fuses delivers the required protection.
The use of string fuses does not prevent the risk of
reverse currents. In shaded scenarios, the reverse current
in the strings was lower than the fusing current. In short-
circuited scenarios, in most cases the inverter reduced the
fault reverse current to levels below the fuse disconnection
current. In both cases (shading and short-circuits), the
reverse currents involve signiﬁcant losses that justify the
use of series blocking diodes in the strings. The question
of the economically most beneﬁcial approach would then
need to be answered based on the reliability of all the com-
ponents involved.
A study of 180 ﬁres involving PV systems found that in
50% of cases the ﬁres were caused by installer errors not by5.5 5.6 5.7 5.8 5.9 6 6.1 6.2 6.3
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Fig. A.9. High eﬃciency modulcomponent failures (TVRheinland, 2012). The use of DC
string fuses adds complexity to systems and may increase
the number of DC connections to be made on site by instal-
lers. As such the uses of thermal fuses could increase the
risk of ﬁres in PV systems.
The PV industry should review the protection strategy
for PV systems and consider whether the current combina-
tion of module bypass diodes and string fuses is the best
solution.
Assuming 1–2 string fuses failures per system lifetime, as
reported in the literature, with a failure rate that increase
with time, the energy losses without an inspection and
replacement plan are very signiﬁcant (38%). These losses
can be almost eliminated with an annual inspection plan.
The current approach of string monitoring will show any
failures quickly and will guarantee minimal losses due to
failures. A detailed of the energy losses versus protection
of the system is yet outstanding.
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Appendix A. PV modules parameters distributions
See Figs. A.9–A.11.
Appendix B. Power and energy simulations
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Table B.2
Power simulations with diﬀerent distributions.
Power simulations
Normal distribution
Number of simulations 100 100 100 100 100 100 100
Power without variance [kWp] 10.11 50.53 101.05 252.63 505.27 757.90 1010.53
Average power with variance [kWp] 10.04 50.20 100.35 250.79 501.64 752.41 1003.24
Average loss [%] 0.64 0.65 0.70 0.73 0.73 0.73 0.72
Power std. dev. [%] 0.53 0.24 0.16 0.10 0.07 0.06 0.06
Max. power [kWp] 10.20 50.47 100.69 251.33 502.45 753.79 1004.47
Min. power [kWp] 9.91 49.89 99.94 250.18 500.82 751.19 1001.18
Real distribution
Number of simulations 100 100 100 100 100 100 100
Power without variance [kWp] 10.11 50.53 101.05 252.63 505.27 757.90 1010.53
Average power with variance [kWp] 9.98 49.86 99.73 249.26 298.54 747.72 997.03
Average loss [%] 1.21 1.32 1.31 1.33 1.33 1.34 1.34
Power std. dev. [%] 0.74 0.33 0.23 0.14 0.13 0.08 0.06
Max. power [kWp] 10.13 50.23 100.40 250.26 500.13 749.21 998.64
Min. power [kWp] 9.76 49.51 99.05 248.39 497.12 746.00 995.14
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Table B.3
Energy simulations with diﬀerent distributions.
Energy simulations
Normal distribution
Number of simulations 100 100 100 100 86 36 10
System power [kWp] 10 50 100 250 500 750 1000
Energy without variance [MWh] 8.95 44.75 89.49 223.73 447.46 671.19 894.92
Average energy with variance [MWh] 8.87 44.27 88.50 221.10 442.16 663.15 884.05
Average loss [%] 0.87 1.07 1.10 1.18 1.19 1.20 1.21
Energy std. dev. [%] 0.49 0.23 0.19 0.12 0.08 0.07 0.07
Max. energy [MWh] 8.98 44.53 88.86 221.81 443.12 664.05 885.23
Min. energy [MWh] 8.79 43.96 88.13 220.59 441.68 662.55 883.24
Real distribution
Number of simulations 100 100 100 100 74 48 42
System power [kWp] 10 50 100 250 500 750 1000
Energy without variance [MWh] 8.95 44.75 89.49 223.73 447.46 671.19 894.92
Average energy with variance [MWh] 8.82 44.01 87.96 219.86 439.64 659.25 878.88
Average loss [%] 1.40 1.65 1.71 1.73 1.75 1.78 1.79
Energy std. dev. [%] 0.67 0.32 0.24 0.16 0.11 0.07 0.06
Max. energy [MWh] 8.98 44.39 88.61 221.21 440.89 660.29 879.94
Min. energy [MWh] 8.67 43.71 87.45 219.00 438.51 658.58 877.84
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